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SUMMARY

The objective of this effort was to demonstrate the fabrication, characterization, and
boresighting capabilities of a unique beam sampling component known as the Grating Beam
Combiner (GBC). The concept is a significant alternative to the full-aperture holographic
sampler. It diffracts samples of an outgoing high-energy infrared (IR) beam and an
incoming designator beam in the same direction independent of angle of incidence on the
grating.

Two samples of the proposed component were produced and characterized. In addition,
a higher efficiency sample was produced and used for a laboratory demonstration of the
unique sampling and boresighting properties of the GBC.

The characterization task included not only conventional grating parameters, such as
groove depth and diffracted wavefront quality, but also addressed measurement of skew
between the two component grating frequencies and their actual ratio.

Analysis of the GBC treats the sensitivity of its performance to skew and frequency
ratio residuals. Specific requirements for the holographic pattern generation process to
achieve small residuals are discussed.

The GBC has been successfully demonstrated and appears to be a viable candidate for
generic two-wavelength beam sampling requirements.
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1. INTRODUCTION

Accurate beam control is a fundamental requirement on all high-energy laser (HEL)
system designs. Basically, this means that a diffraction-limited beam must be emitted and
kept on target. The purpose of the Gratin. Beam Combiner (GBC) Program is to develop a key
element of a beam control system concept designated the Total Optical Control System
(TOCS). The grating beam combiner is a compound grating designed to provide beam samples
that are diffracted in the same direction, independent of angle of incidence, provided the
input beams are exactly counterpropagating.

The objectives of this effort were:

- To analyze the fabrication tolerances of the GBC and their implications for system
design.

- To fabricate small-scale GBC's using manufacturing processes and materials
appropriate to a full-scale version to produce: (1) a GBC whose groove depths and
frequencies are those of an operational design appropriate to the Large Optics
Demonstration Experiment (LODE) and (2) a second GBC with depths and frequencies suitable
for a laboratory boresight demonstration experiment.

- To characterize the fabricated GBC's by measuring the frequencies, groove depths,
optical figure, and diffracted wavefront quality.

- To demonstrate the boresighting performance of the GBC in the laboratory,
specifically showing the invariance of the co-boresighting with angle of incidence.

The feature that differentiates the TOCS concept from other beam control systems is
that incoming beam sampling is combined with high-energy beam sampling in a unique manner.
Figure 1-1 shows a simplified block diagram of the TOCS concept. The target is illuminated
with a ultraviolet (UV) laser. The return UV energy is directed to the wavefront/tilt
sensor by the grating beam combiner. The wavefront error of the transmitter optics (and
atmosphere, if any) and target direction are measured and subsequently corrected by
deformable/tilt mirror no. 1. The GBC also samples the high-energy beam and sends the
sample to the common wavefront/tilt sensor that commands the deformable/tilt mirror no. 2
to "clean up" the high-energy beam and send it in the same direction as the incident UV
beam. The net result is that a high optical quality high-energy beam is directed to the
target without the requirement for accurately boresighting or mechanically referencing
separate systems together.

The feasibility of the wavefront/tilt sensor and the deformable tilt mirrors has been
demonstrated on other programs and their development is continuing. This contract
addresses the development of the grating beam combiner portion of the overall TOCS
concept.
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2. ANALYSIS

2.1 GBC PRINCIPLE

The grating beam combiner (GBC) utilizes two grating frequencirs and a retroreflector
to co-boresight an infrared (IR) diffraction order with an ultraviolet (UV) diffraction
order. The concept is shown schematically in Fig. 2.1.

Most of the IR energy is reflected by the GBC. A weaker non-zero diffraction order is
sent to a retroreflector, from which it returns and is diffracted again. The two diffrac-
tions provide an IR sample sufficiently attenuated (by about 10-11) for a wavefront sen-
sor.

The UV beam, a return from an illuminated target, is incident antiparallel to the
outgoing IR beam. It diffracts once from the GBC. Because of the extreme wavelength ratio,
it is possible to diffract the weaker UV beam* with much higher efficiency (about 30%).

The grating equations that govern these diffractions are:
sin @4 + sin ® = majpfy first diffraction of IR
sin @ + sin @ g = najpfp second diffraction of IR
sin (-8) + sin @yy = payyfy diffraction of UV
The meanings of the various angles are illustrated in Fig. 2-1.
Combining the three equations so that sing and sing; are eliminated yields

-sin @qg + sin@8yy = mijpfy -~ nmajpf2 + pagyfy

*It is not necessary that the designator beam be UV or that the HEL beam be any par-
ticular IR wavelength. A solution can be found for any pair of wavelengths.
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Fig. 2-1 -- Grating beam combiner concept
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For the boresight condition, 6k = 6yy requiring

f_z _ MAIR * PAWY
f1 nAIR

So long as the two spatial frequencies are in this ratio the diffracted orders will be
boresighted in the same direction, independent of their angle of incidence on the
grating. Hence, any boresight difference measured by a sensor is related only to the off-
set between the outgoing IR and the incoming UV beams.

In practice, tolerances on GBC frequency ratio and residual misalignment between fre-
quencies generate some apparent offset even when the target is boresignted. These are
analyzed in Section 2.3 and are shown to be small for achievable tolerances on these pa-
rameters.

A more general design is described in Appendix A.

2.2 GRATING EFFICIENCY

In general, the efficiency of a simple plane grating is a complicated function of
groove profile, wavelength, angle of incidence, and substrate optical constants. For an
infinitely conducting substrate having sinusoidal grooves whose depth is small compared to
the period, at a wavelength short compared to the period, scalar theory predicts

w8

where €, = efficiency of n-th order diffraction =
n-th order intensity/total intensity
6 = peak-to-peak sinusoidal groove depth
A = wavelength
These conditions are satisfied with the GBC at the assumed ultraviolet wavelength
(x = 0.35 ym). At x = 2.7 um, the ratio Az/d is 0.54. This is a regime where scalar theory
does not strictly hold, though it represents reasonable accuracy for design purposes.

Actual efficiency at 2.7 um will depend to some extent on polarization and angle of inci-
dence.

For the operational grating, second-order is selected for the IR diffractions so that
Tow efficiency diffraction and high reflectance of the HEL beam is achieved.
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The scalar efficiency formulas that govern this design are

2nxy 2nxy 2nx 2nx
S = [Joz(z.7 )Jzz(” )”Joz(z.;z) Jzz(mz)] = flxy) f(xp)

2nx} 2nx2
€0.35 = 917 (0.35) %? (0.35)

9(x1) h(x)

where E, = efficiency at wavelength A
X1, X2 = peak-to-peak groove depth

The efficiency factors f, g, and h are plotted in Figs. 2-2 and 2-3. From the above for-
mulas and the curves, the design values (Section 2.5) for grating groove depth can be
understood in terms of their effect on efficiency at the two wavelengths and tolerances
thereon. Groove depth x] is chosen for maximum first-order diffraction efficiency at

0.35 um. Groove depth x3 is chosen so that, in conjunction with the chosen value of xj, a
low diffraction efficiency (1.4 x 10-11) for the IR sample beam is achieved.

A computation of the direction and efficiency of IR and UV orders (up to 10th order)
diffracted by the operational GBC is summarized in Tables 2-1, 2-2, and 2-3. Approximately
3% of the energy is diffracted out of the HEL beam. This energy must be absorbed or
dumped out of the system.

2.3 BORESIGHT ERRORS BETWEEN WAVEFRONT SENSOR BEAMS--FIRST-ORDER FORMULAS

There are several causes of boresight differences between the UV and IR wavefront sen-
sor beams. Fabricated to perfection, with precisely counter-propagating beams illuminating
it, the GBC will, as has been shown, produce sample beams that are exactly co-aligned. If
either the spatial frequency ratio or the alignment between spatial frequencies departs
from the design values, offsets will be introduced. Departures from antiparallelism be-
tween the incoming UV and outgoing IR also produce boresight differences that the wavefront
sensor is designed to measure.
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Table 2-3 -- I[ntensities and Directions of Orders Diffracted

by the GBC From the UV Beam (6 = 60°, Incident Intensity = 1)

I~ I~~~ 000

F—— S T S S P . . s s N B Sy, . S P o . SN s g, B P S i, s P P . B B . SN PN G PN B s P B S N G B, P S B I . SN o o B
“2”89605432101.234r)67a79605432101234567887960543210123“5697387960543
(I I I I B ] (O T T T R I R I ] (IR T R R | ' 1 ﬂ (IO T I | [ 1 [ ﬂ

[}

'"!!"-‘!""00!'!!!'"!'0"'\"'0!"0"0!"0'0'!""!!!!'0!'"0"!'
O A T O N T IO O U T VN s Ot N O T O O OO P O T NN O e N T QN PO D= A0 F U= O =N T ONO O -~ O
) — Ll L R I T I I I IO ﬂ LI | LI I R B ﬂ J () (SR ]

1 '

@y SO C IR T I UL P AC S =K g AT Tt T ANMMEIAN MU e Vet 2 DU N Lo et T Cu NS
Tre btem NAN NN = D O OO O O =t NN NN (NN =t D OO O OC O rt e MINNANIN M ——st YD DO S O LW D = e MANIMA NI, =D
I R I I I O I T e I T T I I I T T I T T T T T T T T S O S T O S S O I O T T T T T T T T T T T T T O TR T T O I}
e ARt ) b e L A L i i s e L el e ) M s i b G G ) G U U 7 i L Al 1) LU ) A e ) o L A L ) L o ol L e b LR L L L A s
NSNS N AN AT IN—IC = VI LT OIPOOMM(YIM I IMN TUNMNI DT PPN et O 2 I D M N T T
SHCONL NN ST NN E O = SO ORI SEMTAOMAINTY SMETOI Pl MOC MO AN C e 3 L~
T et = D NI O DN = et Pt N YD NV NN G W N O D YO e Ot N OO ONON NN P P et (A Y B omtort e O (VD T
® & & & & 5 0 & & 00 " & 4 * S 00 " T gt S S O S T 0T S OO O s S S SO S S S0 GO O s OO S OO e O e e b
CLOTOUL LU L Ll oL Lo DLUIDULIOULLLDWILLCLOUCOOC UL COLLlCUUTLUDCL L LT COC LU

TN CIOASNPOC NI O T OXTINA-TANISANCOCOMTN T IO —=C ONANAI FLOTTNNCOCT AN OO NP0
XCO = NN LT -0 ONT CONN DA~ C TN = N s N T OO CONC M E MO O3 C 3TN a
UG A~ NN A~ L= T I LD =\ CTNLOMLECMOICL N~ IN OO T T =N O T X OMT CTON g OO
(...................................................................
NN I IINEELOLONPOTTE VOO O OO~ NANMMOMNMNI I I I OCET I CCOC O COCT T O—~—
MAAMEE OO EEmEOMEeEaOMMOOMOEOOEOMMNITIITITIIIIIIIIIIIIIIIIIIICIIL IS SO

);))))))))))\(’)))\(’)\’\I))\."))’)))))))\’\’)),\')\’)\’))\’\,)))\’))))))))));)

678Oro.lo1234567R902101545989032]0123/4567590432101&(34567890541{/101&63

LI B I I LI I I I T I I I ) LI I I I I T B [ I S T T R O N B LN I I B B B R B ) 101
1 ] ] 1) ]

'.."."."""\'.'..'.....".""..".".".."'..'.""."""‘."

43210098765432]010987843?‘.0120987654}/)01(30997623?1012340987654:;2

s .ﬂ.......... \.l......... ..l......... Con i I I T T T O I I | Condi I I T T B I |
(] (]

T TN N Nt N M . N Mt N N N S M . e s . N S s et N e N Ml kPt N i kNl i i bt i i N N " VNG o P N o . i " o i i P N S N e e

NPUANNE e mAT P T SO T T LT LS Rl R el Tl Do o o il e o - BNER MEL . S5 JEX o BT NN S R e
T et (R et ot et o= et NN et D O (D7) e ot i ot N Nt e et (DD D (3 O ot ot e e NONN==t QT OO DD rart e et N Nt et DO SO D
U N N NN NN NN R Y
Lo Mt s b s+ i bt et A 0 b s b R i il ket L e bt e ) ol A e s i i kA L e s A Rt o b b b b e A o i e s B’
FOONS NP g TMNOD TSSO DM IO TSI ONS AT I P e ST O = IO U M AU DTN N O -
PO L~MILILL ~ANAN N IO LNCICAN = ANLN O IO~ Cma DN SIN~CC I CAINC TAND AL SO e —C <=
Pemem g P Ot DO I D et (P e = P D o I P e DO P S P — et O C o O T D P O Nt D oms a3 P 00 S5 s M o et
............................................................'.......
PO AL UL UTUO L U0 T LUl O L L Ol Ul U0 L U L S L SOOIV Ll et SUDU DO Ie e o

NP DI O CIINTMOANN OO A C= AL NOTINTIOA FT Ol MM e RO O3 P et NP FAD C Do & AN e
44QI.SOﬂK;?ﬂS?Q,hQ,OwIQ74296419641974708653\086323?)0887655463..13666666110.
S IOONMIC O —~IFCNNTTOAMNOCMLT ~IrRONENNTCACC AT COC M SO I OO NNT —P i @ —mg O SO
..........................................‘.........................
e AN IISE NN LCLC O TC OO T O~ AN AN MO I IT I LN CCO T D OC OO OO O — et
T P S e S T e e S et e e e OO NN NN NN O O O L VO AL AL AL AL NN AU VAL NS UL B (O 1O (€ M

.

datvatiiadste e ol s ol V) fosi i

a

2.0.0% G




T TR SR TR BT (AT Mg

1)

b (8§ = 60°, Incident Intensity

L Directions of Orders Diffracted

P N s " P S P P~ P~ S P S o N o, S~ S~ S~ A P~ o~ S~ . T~ P C B S s P S P, S P P P I P S N P N P P P I N N pomE
NOPFNOOVON DO T OONT MNAN—O— AN N OV M DD OO FMN— O~ T INO OO DO 00N T N
L e gy ! [ N [ RN " [ 11 91— 0 id [}
] L]
Ld ® & & & 5 0 ® o & 0 S O O o P o S B s OO S s e P S S S g O O 8 Pt O e st S S s s v e ST B8 S s s S e s s S oo
N ONON O M0 OO M~ O = NN O LW PE 0T N0 T M= O NN T OOV~ DN O T ON~O
"e - " [ I T I I 08 50 [ | U B I A | [} b 0
]

— N s et Vs g Nt Nt Mt N e Sl s W s W g N Nt Ve o N et N Vo N St e Vs Vi N Vst Sl St S el W St W N S Nt S V® St ® S Nt

2)

-3,

& O MO0 MO SO T IR O I O WO Y MOCONCGAT XN O COL e TN O 2
oo QOO =t (NN O O NN TN et et o=t (O O DO 1D OO 7=t e~ M=t M NN NN o=t e DGO O €O = NN NN N Vet e 00 OO
I T T T T T T T T O O T O T T O T T IO T TR A IO O JO TN O TN A O T I T TR DO B N I T T N A O O O T O S O B B B I |
w s s 1 e UL R U ! ) i) LR L e L i M L LU U U L U U AU LS ot AU ¢ U Ut LU ) (U et UL U U M LU ) U L s Lk
~N It T PN D T Mttt it e N F TN P F et PP i e 3 UMNMNLT F OT Oe NDNP 33 O 0 O
ca AVL~IT O —~OITITINCLI LAFIO~OINDITOIIIC—D ST AL O T LT T WNFT e~ COMMT AL O
— NV CO T T Ot Lot emtot =4 O Dot o=t P 0N NN O OV o4 =t DO 4 1t ot 0 =4 N S NN N0 NN 3 4D (N0 vt =4 o=e (0 NI =31 = NN OO
. o ® @ © 5 0 8 0 ¢ ¢ 8 8 9 ¢ % 9 2 2 8 8 9 0 8 0 ¢ % 8 8 8 % 28 T S % B 9 BB SO 2 e 9 S 80 S 2 8% 8% s 8 a0

QULE . DQCLVCOCLL XN VL LVOLOTLLVOODOVLLUOLDLDOLLUL L SL CLCLLUL2CTTRC SLOVLLTCo

FOOVVO~TN~TTOFCIT =N OIOIFDC LTI DN NOR=ONIET T OOOM T~ OND O dn
ANOO NN O O et (GO DO O NN O = D O WO NI F O~ O L TN ESP e (N = O PN N N
CONPmIOTOMNDNONIOIOIONON~~ONUEC~~FOMO T ONCOMAM NI I T e O O—n O 0N

. III.I..I.IIII.'IIII.II.'IIIII..'..'III.IIII'II.'I'I."I.I.I.
NF T FNNOINO W COP P C IO Crt N AN NN T3 F IO DL PP T O OO e NN T I tNNND O ™A O —~ 0N
OO O OO OO RN U O 0 S O 0 00 C 0 OO0 00 OO L O OO0 O PP P P PP PP P P PP~ 00 a0

51.9GC1

);\Il))\,\II\II\ll\,\ll\II\II))\Il)\')\’)\'\'))\'))))))))))))))))\I’))))\II\II\II\II\II)\’\II)\Il\ll\'))\,)\Il)))

4278960543210‘1234..)6787960543210123456788796054321012345697387960543
R R (I I T R T I B B O R I ) 0 0F 0 R ORGREORE GRSl )
(] ]

! * o e o o LI ! ® 6 6 0 6 O 60 006 % 0 6 P 606 06 % 6% 0 P S P 50 e s S S S s e e e ”

—t Ot NN F O N OO N T NN Ot N T MO T NN O O NP O OO D P IO T N = O =N (N 7 DN O @O A= 0N T

(] — Sy LI I I I I I | ..l.. [ T T I I I | ..1. (Rl (] (LI

[} ]

Y et S o I ey Vs Nt Vo Vel Ve Snth N s Vo Nt s Wl Ve it Vel el S Vo Sk S o s N el o Vo Sl N Vo Vel D S Nl o N N W St i N N s ks ot Naly AN s St ] i S o N S

® o0 06 0 00 o 0 00

ML U OO DI UG M AC U~ e 2 AN K X e O NI M U 0 o Vet T U e w et it Qe N
O ot =4 N NN NN et O O OO O C) Ol momat NN O N (VN et 0t 7 D 0D (D G O 7t by N N NN 1) et €3O DO O DL D vt et MMM N IO (N b=t D
_.“u.wz..t_.“u.hg...".:w\_.r....g........................................................
i g At Cat L i 1 s e L LR G by s U (LU 0 U L A S G 6 S L 0k 40 0 PR 1 LR b il R U s Uid Lad dadia

NPT NF AN NT N DI D= UDL T ODODOMSP (N IMN IO LN T = OF Four- 325110%9%%»."&&%»&&“”““
SCONL NN LTRNDINMNMMNEM PNt SO CR O SETTAO—P AT~ SOOI 3G MOCOTCONCNOT T P 3 P ™
nl-.lld.. -lo.l“.l.lul“nwJtm.nu.dﬂ“«wQ“?..?.x/...d.uQ,lZI3Qw?.3230“537961§132617 Ot~ N DN NP P A A & et et O (YD T

N L e b el By .""' e & & o ® & & & 5 2 % 8 8 2 % 2 0 9% 8 2 a" e a2 & o O .
CUOTLOUL IS OUCL Ll DL OGO L D D% L0 0OVl uL oL Ol nu-n\(.cl\.ﬂ ..u.,-».lunu-lwn\u-“\(oﬂur.

Dd85693?7296'\.5704965489?376?8473090385949510 [3¥ 10

: NN NPT 3 B

T T €Oy GO O EC M 0T BT O £33 & T MR OT T Ong SRoN g ©os

253333“44“5556667778888899990001122233.4“31“14 y PP OO C L & 0 O O O OO G Ot
LA EUNA NN o od o - o1 3. &

TR W TTRRLT | g g

4

R




e

As shown in Appendix B, the boresight error due to a grating spatial frequency ratio

error is:
finAIR fa
| 88UV-IR * (g;;;;;é)é(fl)
1
X
i where: f) = grating frequency no. 1
i n = IR order diffracted into wavefront sensor
AIR = IR wavelength
8IR = angle of diffraction of IR order
AByy-IR = azZimuthal boresight error
8(f2/f1) = design spatial frequency ratio-actual ratio

The error due to a skew, €, between grating frequencies (i.e., angular misalign-
ment in the grating plane) is simply

IVEL

A¢is an elevation error and adds in quadrature to azimuthal errors.

The boresight errors seen by the wavefront sensor due to input beam misalignment are

cos
cos or)"%

495

Afyy-1R

doyv-1R

2.4 BORESIGHT ERRORS BETWEEN WAVEFRONT SENSOR BEAMS--NUMERICAL CALCULATIONS

To check the first-order analyses in Section 2.3, an exact numerical calculation of
the boresight errors was performed. The code treats each incident, intermediate, and final
beam as a ray (3-D vector). Following the initial diffraction of the IR beam and its
return by the retroreflector, the inter-grating skew is introduced as an exact rotation.
The actual frequency ratio is also introduced exactly.

The simulation has been carried out for a grid of skews and frequency ratio residuals.
For each case, the UV-IR beam skew (both x and y components) were calculated: (1) versus
: angle of incidence and (2) versus input boresight error.
Typical results of this simulation for an operational GBC are given in Figs. 2-4 and
= 2-5. In both figures, the y-axis is the overall magnitude of the skew. As predicted, out-
N put beam skew depends linearly on input beam skew, with an offset if there is a frequency
ratio residual. The input boresight offset was specified to be purely azimuthal, so the

compound effect when frequency ratio residual is nonzero is still a purely azimuthal out-
put skew.

v
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Fig. 2-4 -- Beam skew versus input boresight offset
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ual. This is shown in Fig. 2-5 to be 3 urad/degree at an angle of incidence of 60°, a
small effect relative to the offset. The uppermost of these curves results from the addi-
tion in quadrature of nonzero vertical and horizontal components of output error. By
itself, inter-grating skew does not affect the boresight invariance at all.

The boresight invariance of the GBC is impacted slightly by a frequency ratio resid- ;

| 2.5 DESIGN PARAMETER SUMMARY

Two versions of the grating beam combiner wecre designed and fabricated: (1) an opera-
{ tional grating with frequencies and groove depths appropriate to LODE, and (2) a high-
| efficiency design for use in a laboratory boresight demonstration using helium-neon
] wavelengths (0.6328 and 3.39 um). The design parameters for these gratings are summarized
in Table 2-4.

The performance of the grating beam combiner will depend on how closely it approaches
its design specifications. Accordingly, a set of tolerances applicable to the GBC were
established and are summarized in Table 2-5. These represented a composite goal for com-
ponents fabricated on this program.

Table 2-4 -- Design Specifications

Operational Grating Boresight Demonstration Grating
m,n,p 2, +2, 71 1, +1, +1 3
AR 2.7 um 3.39 um
Ayv 0.35 um 0.6328 um
fa/f1 0.9352 1.1866
X1 0.10 um 0.1 um
X2 0.028 um 0.1 um
Tl (5.00 um)-1 (5.933 ym)-1
| f2 (5.346 ym)-1 (5.00 um)-1
j
Efficiencies
il e[R 1.4 x 10-11 :

eyy 0.30
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Table 2-5 -- Design Tolerances--Operational Grating

Frequency ratio residual 1.0 x 10-4

MFR = 1 - (act9a1 rat1o)
design ratio

Boresight error due to AFR 2.0 x 10-4 rad

f

9= M_ AFR

cos 8 IR
Skew between freguencies 1.5 x 10-4 rad
Surface figure (rms) 0.025 um
Groove figure (rms) 0.02
Diffracted wavefront quality 1.5 x 10-4 rad
IR sample beam (rms) 0.07x 1R
UV sample beam )rms) 0.15 ayy

Diffraction efficiency uniformity Emin

Emax
IR sample beam 40%
UV sample beam 90%
17
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3. GRATING FABRICATION

3.1 SEQUENCE OF PROCESSES

The fabrication of the final GBC consisted of five process steps: (1)
substrate manufacture, (2)photoresist coating, (3) exposure, (4) development,
and (5) ion milling. Each step was accompanied by process control measurement to
quantify its performance. The following sections describe the development of
each process step. All process steps are readily scalable to sizes required on
operational high-energy lasers.

Early in the program a contact printing process was attempted. Instead of
direct exposure of the photoresist in the interferometer, a grating transparency
was made on high-resolution plates and contact-printed onto the photoresist. If
successful this process would have eliminated the need for an ultrastable inter-
ferometer since the photographic exposure is approximately 3 seconds versus
direct photoresist exposure times of as much as 1 hour. Unfortunately, the grain
of the photographic emulsion generated a relief pattern in the photoresist,
causing the grating to scatter a lot of energy. Thus, direct photoresist expo-
sure in the interferometer was selected as an alternative approach.

3.2 SUBSTRATE MANUFACTURE

The substrates used on this program are electroless nickel-coated aluminum.*
The nickel is a 125-um-thick electroless coating into which the grating relief
is transferred by ion milling to form the final grating. The nickel was polished
to A/10 over a 3-in. circular region. Substrates are rectangular, 3 by 4 by
3/4 in. thick.

Because the exposure process selected uses coherent illumination, reflec-
tions from the metal substrate can interfere to generate standing waves (see
Fig. 3-1). To prevent this, an antireflection coating designed for use under
photoresist is applied to the nickel. An analysis of the standing wave pattern
and the details of the coating design are given in Appendices C and D.

*This was chosen as being representative of a cooled mirror substrate. The pro-
cess used is applicable to virtually any material that can be optically
polished.
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3.3 PHOTORESIST COATING

The coating of the antireflection-coated substrates with photoresist is a difficult
step and two different approaches have been explored. The goal was to achieve an optically
flat coating of uniform thickness.

Dip coating was selected initially because it is scalable to large substrates. The
rectangular shape had been specified because it is most compatible with dipping. The dip-
coater was Itek-built, consisting of a slow motion pulley mechanism over a photoresist
reservoir. The mechanism is enclosed to ensure a uniform draft-free environment and is
capable of pulling the heavy substrates used on this program at a selectable uniform draw
rate.

The photoresist coating operation begins with the thorough cleaning and baking (1 hr,
200°C) of the substrate to eliminate impurities and to drive off all solvents. After
cooling to ambient temperature, the sample is suspended in the coater and lowered into the
reservoir. After reaching thermal equilibrium with the photoresist bath, the pulley mecha-
nism is started and remains activated unti) the substrate is clear of the bath surface.

The thickness of the resulting coating varies with the draw rate and dilution of the
photoresist bath. Thicknesses from 0.2 to 1.8 um have been achieved with dilutions in the
range of 1/3 to 1/5 (parts photoresist/parts solvent) at a draw rate of 8 mm/min.

Dip coating produces acceptable uniform coatings only when the draw cycle is unin-
terrupted by vibrations or a fluctuation in pull rate. This was not generally found to be
the case over a large number of trials. The yield was very low.

As an alternative to further experimentation with the dip coating process, a modifica-
tion of the spin coating technique was tried. Since the substrates are massive relative to
semiconductor wafers, it was not possible to achieve the higher angular accelerations that
are generally required. By working with a lower photoresist dilution, it is possible to
achieve a uniform coating even at lower speeds before the film has begun to dry. Extreme
care is still required, for if drying proceeds slowly enough that radial flow is not
stopped, a "stringing" relief pattern is produced. I1lustrations of coating imperfections
that occur with both dip and spin coating are given in Section 4.6. This technique, which
we call "whirl" coating, produced excellent quality coated sub-strates with a good yield.

3.4 EXPOSURE

3.4.1 Process Interferometer

The grating exposure process must satisfy those requirements generally associated with
holographic recording. These include high optical quality, total absence of stray coherent
1ight, and good fringe visibility. The interferometer setup is shown in Fig. 3-2. The
argon laser source is expanded using a microscope objective and spatial filter and colli-
mat2d with an nff-axis section of a 16-in. paraboloid. The expanded beam is split using a
dielectrically coated 12.5-in. glass beam splitter at Brewster's angle (to eliminate a
secondary reflection from the back surface). A compensator in the unexpanded beam rotates
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its polarization to the s state. Because the angle between the interfering beams
is only 5°, the impact on fringe visibility is negligible (at 90°, no fringes
would be formed; see Appendix E).

The spatial uniformity of the interfering beams is limited by what can be done using
conventional optics and spatial filters. The Gaussian shape of the raw beam can not be
completely flattened in this way and there is a sharp trade-off between average intensity
s and uniformity. Uniformity as good as 10% over a 2.5-in. diameter has been achieved during

many of the exposures made on this program.

The high spatial frequency grating exposure is made with the substrate normal
bisecting the two interfering beams. The low spatial frequency grating is exposed with the
rotary table turned to the appropriate angle.

The very long photoresist exposures require extreme mechanical and optical stability.
With no control during exposure, approximately 1/2 wave stability was achieved during a 1
hour exposure after significant effort to stabilize the setup. This error was a slow
drift, presumably due to mechanical changes. Vibration and air turbulence were reduced to
insignificant levels. Even though this represents excellent stability for a large labora~
tory setup, considerable improvement was required, i.e., some form of control or "fringe
guiding."

The technique consists of manually correcting any slow drift observed in the moire
pattern the interferometer fringes and a dual-frequency grating on a photographic plate
located at the exposure plane. By this means, the interferometer was controllable to
approximately 1/10 wave for an indefinitely long exposure time. The additional benefit of
this technique is excellent repeatability. The same number and orientation of moire
fringes will produce an identical grating on subsequent exposures. It is not required that
theodolites and sophisticated alignment equipment be used for each exposure. Once a preci-
sion reference grating is obtained on the photographic plate, it can be reproduced very
accurately in a simple fashion.

In practice, a hole is cut in the reference grating so that the moire fringes are
observed around the periphery while the exposure on the metal substrate is taking place.

3.4.2 Reference Grating Fabrication

The reference grating is a transparency on a photographic plate. It is produced using
the same process interferometer used to expose the photoresist. In use, it is mounted
parallel to the surface of the substrate being exposed, therefore, if its component gra-
tings are well aligned, the same will be true of the pattern exposed in the photoresist.
! Likewise, the frequency ratio on the reference grating will be transferred into the pho-
toresist, except for a small correction depending on the number of fringes used in

guiding.
1 1 It is shown in Appendix F that skew between the gratings is dependent on: (1) align-
| . ment between the rotary table rotation axis and the plane of the surface (in this case the

| photographic plate) to be exposed and (2) alignment between the rotation axis and the
{ interference fringes. These alignments are carefully performed just prior to exposing a
| reference grating. The surface alignment is performed by viewing a plane-parallel glass

n
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plate mounted in the interferometer's kinematic plateholder with a theodolite and rotating
the table through 180°. A high-resolution tilting stage between the rotary table and the
plate is adjusted until the plate has the same elevation at 0 and 180° azimuth. The
fringe alignment is accomplished by viewing the fringes formed on a mounted reference
grating at 0 and 180°. The interferometer fringes are adjusted together with the ortho-
gonal roll axis on the high-resolution tilting stage until vertical fringes are seen in
both orientations.

Transparencies produced using the above procedure have been examined with an optical
microscope as a coarse test of their alignment. Alignment better than the sensitivity of
this test (i.e., better than 100 urad) has been observed.

The frequency ratio is, of course, governed by the rotary table rotation angle, but is
also dependent on the plate's initial alignment normal to the bisector of the inter-
ferometer beams. This is accomplished by aligning the rotary table so that when a mirror
is held in the plateholder, each interferometer beam returns along the other's incident
path. Diffracted-order angle measurements (Section 4.2) have shown that small residuals in
frequency ratio can be achieved.

Fringes produced by the reference grating can be observed on the grating itself if
developed to a density of about 1. Although the beams diffracted by the grating interfere
elsewhere in front of the grating, they overlap with other compound orders and can be
difficult to view. Fringe projection at the grating plane has been achieved at both fre-
quencies and provides a usable guiding input.

3.5 DEVELOPMENT PROCESS

Development is the wet chemical process by which the latent exposure in photoresist
becomes a relief pattern. It is the same exposure-dependent etching process used in micro-
circuit fabrication, modified to achieve a known (and as linear as possible) etch-depth
versus exposure characteristic.

Linearity can be achieved in any number of ways by using different developer for-
mulations, dilutions, and development times. A process developed during the initial phases
of this work gave excellent linearity. Another linear process using a completely different
developer was tried later and found to offer deeper relief per unit exposure.

The details of the development process that yield linearity are complex. Empirically,
the characteristic has a "toe" analogous to the D-log E curve in photography, followed by
a linear region. A uniform preexposure serves to push the latent grating exposure up off
the toe. This exposure can be performed with a UV lamp and requires neither the time nor
environmental stability of the process interferometer.

So long as the substrate is submersible, the development process appears to be sca-
lable without difficulty to larger substrate sizes.

3.6 ION MILLING

The ion-milling operation transfers the phase relief in the overlying coating into the
nickel substrate by sputtering, i.e., removal of material one molecule at a time by the
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argon ions in the incident beam. The principal difference between the final relief pattern
and the original one is a scale factor equal to the ratio of the ion beam etching rates
for photoresist and nickel. The presence of an intervening antireflection coating does not
affect the scale factor, but merely prolongs the total processing time somewhat.

Because the process is not readily undone to permit additional trials, ion milling was
not attempted until late in the project so the earlier steps could be perfected. A pre-
liminary test was performed with an early contact-printed substrate, and indicated that
i the relative etch rates were nearly equal.

Tests done on directly exposed photoresist gratings later in the program did not con-

{ firm this result but showed that the relative etch rate can be a critical function of the
ion beam accelerating potential and the ion beam current. Not all the mechanisms for these
dependences are known, but it is clear that the higher beam currents cause a significant

1 amount of substrate heating. This is known to introduce plastic flow in photoresist and
hence a reduction in the amplitude of the phase relief. This is consistent with the obser-

| vation that the final modulation achieved in metal was significantly less than that

achieved in photoresist.

Two finished gratings were ion-milled. These were dual-frequency operational designs.
The groove depths were in one case shallower and in the second case deeper than their '
design values. As the details of the ion-milling process are further understood, the
target modulation can more accurately be achieved, as exposure and development can be
varied to compensate for the established etch rate ratio.

3.7 FABRICATION TRIALS

In the course of this program, 29 direct holographic exposure/fabrication cycles were
conducted, characterized, and documented. Table 3-1 summarizes these trials chronologi-
cally.

The first six trials were process calibration tests to establish the groove depth as a
function of exposure and development. During these it became clear that fringe drifts
could not be completely eliminated from the process interferometer and the manual gquiding
technique was introduced. At the same time, the exposure wavelength was changed to A =
0.4880 uym since the increased power available at this wavelength more than compensated for
the loss in photoresist spectral sensitivity.

With the adoption of this exposure wavelength, an antireflection coating was designed
to suppress reflections at the photoresist-metal interface. Two of the substrates were so
coated and were used extensively in the remaining tests. Five of the early trials were
performed on quartz substrates to index-match the photoresist as a control test of the
effects of standing waves. These were inconclusive chiefly because of the failure of deve-
loped photoresist to adhere to the quartz.

f After four additional calibration attempts (through 19 March 1981) spin-coating of
photoresist was introduced because of difficulty achieving consistent uniformity with dip-
coating. After three more calibration trials, dual-frequency exposures were attempted to
fabricate a boresight demonstration grating. A number of these resulted in groove profiles
that were "bottomed out" because the depths required for an efficient demonstration




| grating were greater than the photoresist thickness produced by spin coating. Two calibra-
tion exposures to test whether this apparent phenomenon was in fact the result of offset
preexposure were inconclusive.

It was learned that another developer formulation (AZ-303A) offered greater groove
depth, and hence it was substituted to relax the exposure duration. A usable demonstration
grating was fabricated.

The last four trials were dual-frequency gratings with operational groove depths and
frequency ratios. Two of these were ion-milled to yield finished gratings.
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Table 3-1 -- Fabrication Trial Summary
QOate Substrate Photoresist FExposure Oevelopment Remarks
! 4 Qec 80 i 0ip-coated A = 458 nm A7-606 Single-frequency
(>3 hr) exposure calibration
7 Oec 80 N1 0ip-coated 54, 72; 20 Al-k06
mJ)/cm2
13 Oec 80 Quartz Nip-coated 54, 108 AL-606
mJ/cm?
18 Dec 80 Quartz Dip-coated 3D; 68 AZ-5D6
mJ/cm
22 Lec 80 Quartz 0ip-coated 36 mJ/cm? AZ-606
16 Jan 81 Quartz Dip-coated 2?2 m)/cm? AZ-604
19 Jan 81 Quartz Dip-coated A = 432 o Al =606 hange to A = 48F am,
2,400 mJd/cm? introduced manual quiding
21 Jan 81 Ni/ARC* 0ip-coated 630 mJ/cm? AZ-606
23 Jan 81 Ni 0ip-coated 1,260 mJ/cme AZ-606
19 Mar 81 Ni 0ip-coated 2,500 mJ/cme AZ-606
25 Mar 81 (A) Ni/ARC Spin-coated 3,000 m)/cmd Al-606 Introduc spin coating
25 Mar 81 (B) N1/ARC Spin-coated nat AZ-606
' 26 Mar 81 Ni/ARC Spin-coated NA A2-606
29 May 81 Ni/ARC Spin-coated NA A7-351 Oual-frequency esposure
demonstration design)
1 Jun 81 Ni Spin-coated 1.800é 1.800 A7-606
mJ/cm
H
} 2 June 81 Ni/ARC Spin-coated 1,600; 990 AZ-606
mJ/emd
5 June 81 Ni/ARC Spin-coated 1,100; 1,100 A7 -60¢
m._'/cmé
\
v 8 June 81 Nj Spin-coated 360, 360 AZ-606
‘ mJ/cm?
' s — e - o o o o
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3 Table 3-1 -- Fabrication Trial Summary (Cont.)
Qate Substrate Photoresist Exposure Oévelopment Remarks
1
11 June 81 Ni/ARC Spin-coated 700; 770 AZ-R06
md/cml
22 June 81 Ni Spin-coated 300; 700; 1,100 AZ-606 Single-frequency exposure
md/em? calibration
24 June 81 Quartz Spin-coated 34n, 680, 1,070 AZ-606 Single-~frequency exposure
md/em? calibration
10 July 81 Ni/ARC Spin-coated 1,000; 1,000 AZ-60R Oual-frequency,
mJ/em? demonstration design
. 14 July 81 Nt Spin-coated 780, 120 AZ-606 Dual-frequency,
md/em? operational design
16 July 81 N1 Spin-coated 300, 670; 1,000 AZ-303A Single-frequency
md/cml exposure calibration
20 July 81 Ni/ARC Spin-coated 730, 230 AZ-303A Final product used in
mJ/cm2 boresight demonstration
experiment
24 July 81 (A) Ni/ARC Spin-coated 190; 54 AZ-303A Oual-frequency operational
md/emé ion-milled
26 July 81 (B) Ni/ARC Spin-coated 150; 42 AZ-303A Used in ion-milling o
md/cme calibration tests
26 July 81 Ni/ARC Spin-coated 150; 42 AZ-303A [on-milling candidate 1
md/em2 {not milled) q
14 Sent 81 Ni/ARC Spin-coated 475; 128 AZ-303A Final product: ijon-milled I
: mJ/em? operational grating 4
i *ARC = antireflection coating
' TNA = not available
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4. PARAMETER CHARACTERIZATION AND CONTROL

Parameter measurements serve two purposes: (1) to test the finished gratings
conformity to design specification and (2) to perform intermediate process control. The
parameters characterized are groove depths, frequencies, frequency ratio, skew bhetween
frequencies, diffracted wavefront quality and optical surface quality. The skew and fre-
quency ratio are determined by the quality of the reference grating used in the process
interferometer, as mentioned in Section 3.4.3. These measurements have chiefly been per-
formed on the reference grating, although their measurement on the final product is also
possible and, of course, important.

{
i

The processes that precede ion-milling are readily "retraceable" since a photoresist
coating can be easily stripped from the substrate. Restoring an ion-milled substrate,
however, would be far more difficult. Thus, intermediate parameter and quality control
measurements allow for multiple process trials before ion-milling. This is especially
crucial where the substrate is expensive and only one copy exists. Although substrate
costs or uniqueness was not a driving consideration during this fabricability program, it
is an issue the parameter measurement task has addressed. | |

4.1 DIFFRACTED-ORDER INTENSITIES/GROOVE DEPTH DETERMINATION

Diffracted-order intensity measurements were performed in order to test developed
photoresist gratings prior to ion-milling as a final inspection of ion-milled substrates.
These measurements yield efficiencies from which groove depths are calculated.

A1l measurements were made with either a helium-neon or an argon ion laser. The raw
beam was directed to a single spot on the grating and the power in all significant (i.e.,
not negligibly bright) orders was measured with a radiometer. Generally both positive and
negative diffraction orders were measured and an extra measurement of the zero-order per-
formed. The additional data checked for drifts in laser power and overall measurement con-
sistency. By measuring a single spot (~2-mm diameter) on the grating, the technique is
relatively insensitive to variations in groove depth that can occur across an expanded
beam.

The approach to the groove depth determination is to use scalar diffraction theory
(Section 2.2). This is generally valid for depths up to 0.2 um at the 5-um period of the
GBC. The measured intensities are normalized by their aggregate sum, yielding the effi-
ciency €, of the n-th order. From math tables the argument of the corresponding Bessel
function J, whose square equals €p is determined. The groove depth is A/2r times the
argument.

21
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Performing this for several orders provides independent determinations to resolve
ambiguities when more than one argument of a given order of the Bessel function yields the
measured efficiency. Lack of consistency among the multiple solutions generally indicates
a nonsinusoidal profile, due to developing through the photoresist in the groove troughs.

A summary of groove depth values in photoresist is given in Table 4-1. Groove depths
for ion-milled gratings appear in Table 4-2.

4.2 MEASUREMENT OF FREQUENCIES

The accurate measurement of frequencies permits the determination of the grating fre-
quency ratio, a critical specification. The frequencies are individually derived from
angular measurements of the diffracted orders generated by the grating when illuminated
with a collimated laser beam. These measured angles and their corresponding order numbers
are used to obtain A/d by linear regression on the grating equation.

The frequency ratio measurement is performed on reference grating transparencies to
eliminate a gross deviation from the target ratio and to establish the magnitude and sign
of the residual. To establish a level of precision for this measurement procedure, it was
repeated six times on a transparency that was later used as a reference grating. A break-
down of these data appear in Table 4-3. The standard deviation of the resulting values of
dz/dy is 1.7 x 10-4. The precision of this technique at this reporting is limited by
distortion<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>